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a  b  s  t  r  a  c  t
Hot  rolled,  annealed  or  galvanized  low carbon  steel  sheets  display  yield  points  in tensile  testing.  These
are  associated  with  deformation  heterogeneities  along  the  test  specimen,  known  as  Lüders  bands,  which
cause  an unacceptable  surface  appearance  in steel  sheet  formed  products.  This problem  is  usually  elim-
inated  through  a light  cold  rolling  pass  (“skin-pass”)  in  the  material  as  a last  step  in its  industrial
manufacturing,  imposing  a reduction  of thickness  of about  1–2.0%  on  the  sheet.  Existing  experimental
results  for these  strain  heterogeneities  along  the  rolling  direction  are  analyzed,  as  well  as  corresponding
ﬁnite  element  analyses.  The  constitutive  behavior  of the  material  is described  by  a  curve  displaying  an
initial stress  peak  followed  by the work  hardening  of the  material.  The  FEAs  led to distributions  and
shapes  of  Lüders bands  in  the  sheets  similar  to the experimental  ones.  The  bands  nucleate  intermitently
and  propagate  from  the  surface  of the  sheets,  at  the  initial  contact  region  between  the  material  and  the
rolls.  For low  and  high  friction  between  the  material  and  the  roll  and for low  sheet  thickness  reductions
(0.5%  and  1.0%),  a limited  inﬂuence  of the  roll  diameter  on  the  Lüders  bands  distribution  was  found.  For
sheet  thickness  reductions  of 2.0%  and  higher,  high  friction  between  the  roll  and  the  material  and  large
roll  diameters,  the  distribution  of LBs  in the sheets  was  different  from  that obtained  for  small  roll  diame-
ters  and  low  friction  between  the  rolls  and  the  material.  Increasing  thickness  reductions  in  the  skin-pass
led  to changes  in  the Lüders  bands  distribution,  involving  an  increasing  homogeneity  in the  deformation.
It  is  suggested  that the  critical  thickness  reduction  in the  skin-pass  is associated  to  a minimum  volume
fraction  of material  deformed  above  a  certain  strain  level.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Skin pass rolling (or temper rolling) of steel sheets involves
 thickness reduction of ≈1–2%, usually follows the hot rolling,
nnealing or galvanizing of the material and aims at Lüders bands
henceforth called LBs) prevention, sheet ﬂatness and surface
opography control (Green, 2002; Kijima, 2013, 2014). The LBs cor-
espond to localized deformation bands and are associated with
ronounced strain heterogeneities in the material, causing an unac-
eptable surface appearance in steel formed parts (Dieter, 1976).
he objective of the skin-pass in Dual phase, TRIP, IF and austenitic
∗ Corresponding author. Tel.: +55 31 3409 3504; fax: +55 31 3443 3783.
E-mail address: pcetlin@demec.ufmg.br (P.R. Cetlin).
ttp://dx.doi.org/10.1016/j.jmatprotec.2014.09.015
924-0136/© 2014 Elsevier B.V. All rights reserved.stainless steels is only the ﬂatness and surface topography control,
since they do not display the LBs problem (Green, 2002). The tensile
testing of these materials before the skin-pass leads to stress–strain
curves that do not display an yield point (henceforth called YP)
involving an initial stress peak followed by a yield plateau, caused
by the nucleation and propagation of LBs. On the other hand, the
skin pass of carbon steel and ferritic stainless steels sheets, which
display YPs in tensile testing before the skin-pass, must also elim-
inate the LBs problem in addition to controlling the sheet ﬂatness
and surface topography (Green, 2002). Henceforth the terms “LBs”
and “deformation bands” will be used interchangeably.In one of the earliest studies on the skin pass of steels, Hundy
(1955) could detect no strain heterogeneities in the rolling direc-
tion of skin-pass processed Carbon steel sheets whose YP had been
eliminated by previous heating to 700 ◦C followed by quenching.
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aig. 1. LBs in the skin-pass of sheets with thickness reductions of (a) 0.9% and (b)
hickness of the sheet: 19.05 mm,  diameter of rolls: 254 mm (Hundy, 1955).
ijima (2013) presented a recent and comprehensive analysis of
he skin-pass for steels not displaying YPs in tensile testing before
he skin-pass. Two different roll radius (250 mm and 50 mm), an
nitial sheet thickness of 0.69 mm and three thickness reductions
≈0.5%, ≈1.0% and ≈2.0%) were considered. A ﬁnite element anal-
sis (FEA) indicated that the effective strain at the sheet centerline
nd surface increased (not monotonically) along the contact arc
or both roll diameters, but the strain heterogeneity in the mate-
ial processed with the 250 mm rolls was higher than with the
0 mm rolls, especially for the two higher reductions. No strain
eterogeneity or LBs were reported along the longitudinal direc-
ion of the rolled sheet. Kijima (2013) also concluded that the FEA
f the skin-pass leads to adequate results if the elastic rolls are
eplaced by rigid ones with a ﬂattened diameter passing through
he entry and exit points in rolling and the point of minimum
hickness.
Hundy (1955) observed that for materials displaying YPs in ten-
ile testing before the skin-pass, a light longitudinal stretching
fter the skin-pass led to surface markings perpendicular to the
olling direction, which, corresponded to successive yielded (LBs)
nd unyielded regions in the rolled sheet. He also found that for
hickness reductions in excess of about 3%, no deformation pat-
ern of the above mentioned type was observed, leading to the
ig. 2. Surface markings on the edge of a 1.27 mm thick steel sheet of a 0.040% C, after ski
nd  (f) 3.2%, roll diameter 30 mm;  the lower half of each picture corresponds to a polisheviewed through chemical etching on the longitudinal edge of the material; initial
conclusion that for increasing levels of deformation in the skin pass
the deformation tended to be more uniform.
Hundy (1955) also analyzed the LBs in the through thick-
ness of an unstretched material 19.05 mm thick; the black etched
regions in Fig. 1 correspond to yielded regions (LBs), indicating
that for thickness reductions in the skin pass of 0.9% and 2.4%, the
nucleation of a large number of LBs in the material is observed.
In addition, the increase in the reduction also led to a more
homogeneous deformation. The approximate spacing between the
centerlines of successive LBs (measured graphically as indicated in
Fig. 1 for the 0.9% reduction) is of about 2.5 mm. Attention is called
to the “Y” shape of some of the LBs emanating from the material
surface in Fig. 1 (one of them indicated by the rectangle) and to the
curvature of the LBs. In addition, more than one set of LBs, crossing
one another, are observed.
The analysis method employed by Hundy does not allow an eval-
uation of the strain levels either in the LBs or in the regions between
them; on the other hand, the etched regions suggest that the top
and bottom regions of the material (close to the surfaces which
underwent contact with the rolls) have been fully deformed. Hundy
also remarks that the elimination of the LBs problem through a
skin pass is reached for reductions in thickness still associated with
highly inhomogeneous deformation in the material.
n-pass rolling with thickness reductions (a) 0.2%, (b) 0.4%, (c) 0.7%, (d) 1.3%, (e) 2.2%
d surface (Butler and Wilson, 1963).












































Fig. 4. Stress–strain curves for the work hardening and for the unlocking and/orig. 3. Lüders bands on the rolling plane revealed by etching with Fry’s reagent
Lake, 1985).
Butler and Wilson (1963) performed extensive experiments on
he skin-pass rolling of 1.27 and 6.35 mm  thick low Carbon steel
heets (0.038–0.053% C) with various grain sizes, utilizing a two-
igh rolling mill with 30 mm and 355 mm diameter rolls, running
t 15 m/min  and with parafﬁn lubrication. They concluded that
he surface of the rolled sheet was composed by yielded (LBs) and
nyielded regions, and that increasing thickness reductions in the
kin pass led to an increase in the thickness of the LBs and a conse-
uent decrease in the regions between them.
Butler and Wilson (1963) also examined the strain heterogene-
ty in the skin-pass rolled sheets along their longitudinal edge and
entral thickness. Fig. 2 shows some of their results, indicating a
igh level of strain heterogeneity. They showed that changes in
he roll diameter and the sheet thickness led to some modiﬁca-
ions in the observed deformation bands which, however, followed
he same general trend and differed only in some details (basically
 smaller curvature of the LBs as the sheet thickness decreased).
ypical approximate band spacing, measured visually between the
enters of two successive LBs, as shown in Fig. 2d, is ≈0.45 mm.
According to Butler and Wilson (1963), the stress applied during
he rolling of the material undergoes a cyclic variation, involving
n initial high value leading to the nucleation of a small yielded
egion near the surface, which propagates rapidly toward the cen-
er of the sheet on a plane of maximum shear stress, followed by
 relaxation of the stresses to a value no longer able to propagate
he yielding. The applied stress then rises again, leading to a repeti-
ion of the band nucleation. According to the proposed model, LBs
hould nucleate basically at the rolling entrance and would thus be
elatively independent of the roll diameter.
Lake (1985) submitted various steel sheets (capped, Aluminum
illed and HSLA, with initial thickness varying from 0.58 to
.15 mm)  to laboratory skin-pass rolling with 150 mm  (dry and
ubricated) and 38 mm (dry) diameter rolls; he also analyzed steel
heets submitted to the skin-pass under industrial conditions.
olling speeds ranged from 0.6 m/s  to 2.2 m/s. Chemical etching
f the skin-pass rolled samples revealed again LBs similar to those
lready detected by Hundy (1955) and Butler and Wilson (1963).
he strain heterogeneity in the skin-pass rolled material was  evalu-
ted with transmission electron microscopy, and it was  found that,
s predicted by Hundy and Butler and Wilson, a very heteroge-
eous strain distribution still prevails in the rolled sheet for the
limination of the yield point of the material after the skin-pass.Lake (1985) reports a series of values for the Lüders bands spac-
ng after the skin pass. The specimens were chemically etched to
heir midplanes, aged at 300 ◦C for 30 min  to sensitize deformed
reas and etched with Fry’s reagent. Fig. 3 displays a result reportedmultiplication of dislocations and for the joint action of the two  mechanisms (Green,
2002).
by this author, who states that this technique does not delineate
precisely which areas have been deformed and that the accuracy
of the measured average spacing is approximately ±8%. The anal-
ysis of the ﬁgure shows that the LBs are not parallel to each other
and display a “wavy” aspect, involving large variations in the dis-
tance between the bands. Lake does not deﬁne clearly what is a
“band spacing”, and it is gathered that it would be the “average” dis-
tance between two dark regions, thus corresponding to the lighter
regions possibly displaying a deformation lower than those in the
band itself. The main problem in Lake’s technique is that it is dif-
ﬁcult to evaluate the level of strain at which regions are more or
less etched, making it impossible to establish a clear criterion for
the measurement of the band spacing. The measurement of this
spacing employing the indications on the lateral face of the rolled
sheets, utilizing the approximate center–center distance between
the bands, as shown in Fig. 2, will thus be higher from those reported
by Lake and based on the technique illustrated through Fig. 3.
Lake (1985) reports an increase in the LBs spacing caused by the
skin-pass with the increase in initial thickness of the material, ran-
ging from a spacing of ≈0.18 mm for an initial thickness of 0.5 mm
to almost 0.6 mm for a sheet 3.0 mm  thick; these values were col-
lected for laboratory and industrial skin-passes. These are of the
same order of magnitude as those measured for Fig. 2 (≈0.45 mm),
but lower than for the 19.05 mm thick sheet in Fig. 1 (≈2.50 mm).
No signiﬁcant effect of the rolling speed was detected on the LBs
spacing.
Lake (1985) also reported that the LBs spacing after skin-pass
rolling with the 150 mm diameter rolls, dry and lubricated, with a
thickness reduction of 0.8% indicated a small increase in the spacing
when the lubrication is applied. The dry skin-pass rolling of the
same material, but with the 38 mm  diameter rolls, led to a decrease
of about 15% in the LBs spacing.
It has been widely accepted that the YPs in low Carbon steels,
with their characteristic initial peak stress followed by a stress
plateau associated with the nucleation and propagation of LBs, is
caused by dislocation locking by interstitial Nitrogen and Carbon
atoms (Cottrel and Bilby, 1949), in the so called “strain aging” of
the material. The initial mobile dislocation density of aged mate-
rials is low, leading to high stresses for the unlocking and high
speed initial movement of the dislocations. A massive multiplica-
tion of mobile dislocations ensues, causing a sudden lowering of
their average speed and consequently also of the applied stress. On
the other hand, the increase in dislocation density work hardens the
material, leading to an overall situation schematically described by
Fig. 4 (Green, 2002), which shows that each point in the material















































oig. 5. Deformation heterogeneities in the longitudinal section of a sheet after the 
f  thickness of 0.5, 1.0 and 2% (Yoshida et al., 2008).
ndergoes an initial high applied stress which falls precipitously
nd then rises again at a much slower rate due to work harden-
ng. It is interesting to remark that this is the approach adopted by
orus Industries in their analysis of skin-pass phenomena (Green,
002). The above described events were ﬁrst proposed by Johnston
nd Gilman (1959) as a model for the discontinuous yielding in LiF
nd proved to be of wide application to various materials.
A consequence of the above situation is that deformation com-
only starts in regions displaying stress concentrations in tensile
amples, as demonstrated by Sun et al. (2003), and then spreads to
he rest of the specimen, which thus displays deformation bands
LBs) that propagate under an approximately constant stress (the
ower Yield Stress in tensile testing). It is experimentally difﬁcult (if
ot impossible) to accurately measure the initial peak stress illus-
rated in Fig. 4, since the experimental set-ups actually reﬂect the
verage applied external stresses, and not the locally developed
oncentrated stress. Hemerich et al. (2011) have found an initial
tress peak in the stress–strain curve of steel which is higher in
heir special bending test than under common tensile testing and
oncluded that tensile testing is unable to adequately capture the
pper yield stress. Yoshida et al. (2008) also found much higher
nitial stress peaks in tensile tests of strain aged material, when
he stress concentrations typical of tensile testing are substantially
ecreased.
Schwab and Ruff (2013) presented a detailed analysis of the
ield point phenomena in tensile testing, with special emphasis on
he establishment of a criterion for the determination of the lower
ield stress. The analysis is based on considerations of stress triax-
alities just ahead and behind the propagating LBs. Their model is
ased on two  hypotheses: (a) the true upper yield stress is much
igher than the upper yield strength commonly measured in ten-
ile tests and (b) the true material behavior after ﬁrst yielding is
ot the observed one (involving a yield plateau during the LBs
ropagation), but instead with strain hardening starting at the true
ower yield strength of the material; in other words, the material
ehavior should be described by a curve similar to that in Fig. 4.
he authors present extensive experimental results conﬁrming
heir assumptions, and also show that considering hundreds of
erformed tensile tests and corresponding FEAs, a consistent simu-
ation of the observed behaviors can only be reached if a sufﬁciently
igh value of the initial peak stress is considered. A detailed analysis
f a situation where this peak stress is taken as 500 MPa  and the true
ower yield stress as 150 MPa  for a strain of 0.01 is presented, lead-
ng to an accurate description of the experimental results, including
he propagation of LBs. The authors also demonstrated that slight
isalignments in the grips of tensile tests leads to the suppression
f the upper yield stress.ass considering two constitutive behaviors for the material (A or B) and reductions
It seems that the only FEA of the skin-pass in the literature
considering a stress–strain behavior of steels given by a curve sim-
ilar to that in Fig. 4 is that by Yoshida et al. (2008), who covered
aspects connected to (a) the constitutive description of the initial
material (before the skin-pass rolling), (b) the analysis of the LBs
formation caused by the skin-pass and (c) the elimination of the
yield point on tensile testing following the skin pass. The constitu-
tive behavior of the material employed for the FEA was derived from
dislocation multiplication and work hardening considerations (as
discussed above), and led to a range of stress–strain curves. Two of
these curves were employed in the FEA analyses of the skin-pass:
one with an initial stress peak of ≈620 MPa (Material A) and the
other with an initial stress peak of ≈380 MPa  (Material B). For both
materials, the initial stress peak was  followed by softening down
to a ﬂow stress of ≈280 MPa  at a strain of ≈0.02, and a subsequent
stage where the material underwent work hardening. The initial
thickness of the material was  1.2 mm,  the roll diameter 250 mm
and the coefﬁcient of friction between the rolls and the material
0.2; the rolls were rigid (no elastic deformation). The resulting dis-
tribution of deformation in the longitudinal section of the rolled
sheets, after the skin pass, is displayed in Fig. 5. It is important to
remark that Yoshida et al. (2008) state that strain localization char-
acteristics are affected by the mesh size and that ﬁner meshes lead
to higher strain localizations. In addition, it is also stated that the
aim of their paper is not to discuss the details of numerical aspects
of simulation, but to demonstrate how it strongly depends on the
upper yield point phenomena. These authors give no detail either
concerning the mesh density or the time steps in their skin pass
simulations.
For the same reduction in thickness in the skin pass, Material
A leads to the presence of regularly spaced LBs along the rolling
direction and to higher levels of strain in the LBs than for mate-
rial B, where deformation is much less heterogeneous than for
Material A. It is interesting to notice that Yarita and Itoh (2008)
employed in their FEA of the skin-pass a stress strain curve display-
ing an initial small stress peak followed by what seems to be a yield
plateau; his results are similar to those reported for material B by
Yoshida et al. (2008) in the sense that no deformation bands (LBs)
are reported in the longitudinal direction of the processed sheet.
Yoshida et al. (2008) remarked that the detection of LBs associ-
ated with the adopted stress–strain behavior depends on the mesh
density in the material. It is noteworthy that the true stress–strain
curve utilized by Schwab and Ruff (2013) in their analysis is sim-
ilar to the above mentioned Material A. Yoshida et al. (2008) also
performed FEAs employing corrugated rolls, which led to the for-
mation of LBs in the material in the regions where the corrugations
caused local stress concentrations in the material, indicating the










































eig. 6. Effective stress–effective strain curves adopted for the FEAs in the present
aper.
pecial importance of these stress concentrations in the nucleation
f LBs.
A comparison of Figs. 2 and 5 (Material A) indicates similari-
ies between the experimental and simulated results. On the other
and, the FEA results in Fig. 5 do not indicate pronounced differ-
nces in deformation heterogeneity between the surface and the
id-plane of the material, in opposition to the experimental results
eported by Hundy (1955) and Lake (1985).
As far as the present authors are aware of, the literature presents
o FEAs for the skin pass rolling of steel sheets displaying YPs in ten-
ile testing before the skin-pass, covering the following aspects: (a)
he effect of roll diameter on the distribution of LBs in the material,
b) the effect of varying friction conditions on the LBs distribution,
c) the nucleation of LBs and (d) the strain distribution in the LBs
or increasing reductions of thickness in the skin pass and its rela-
ionship to the elimination of the Yield Point Elongation (YPE) by
he skin-pass. The present paper presents FEAs covering a range
f these variables, for a material displaying a constitutive behav-
or similar to that of material A in Yoshida et al. (2008) and to the
aterial in Schwab and Ruff (2013). In addition to the above points,
EAs are performed for various values of the initial stress peak. It is
hown that (a) as found by Lake (1985), roll diameter has a limited
nﬂuence on the LBs distribution in the rolled sheets, (b) friction
onditions also have a limited inﬂuence on the LBs distribution in
he material (c) LBs nucleate where the ﬁrst contact between the
aterial and the rolls occurs, as predicted by Butler and Wilson
1963) (d) an increase in the skin-pass reduction leads to changes in
he strain distribution in the LBs. It is suggested that the elimination
f the YPE by the skin pass may  be connected to the volume frac-
ion of the material strained above the deformation corresponding
o the minimum stress in the stress–strain curve.
. Material and modeling
.1. Material
The constitutive behavior of the material utilized in most of the
resent FEAs follows closely the suggestions by Yoshida et al. (2008)
nd Schwab and Ruff (2013) in order to adequately describe the LBs
henomena both in tensile testing and in the skin-pass; there is an
nitial peak of 600 MPa, the ﬂow stress then drops to 220 MPa  for a
train of 0.005, drops again to 200 MPa  at a strain of 0.02 and then
resents a linear work hardening up to a strain of 0.1 and a ﬂow
tress of 700 MPa; the resulting stress–strain curve corresponds to
he upper curve in Fig. 6. This curve was not obtained by direct
xperimental tests, which involve many difﬁculties, as alreadyssing Technology 216 (2015) 234–247
discussed. The ﬁnal stress of 700 MPa  is substantially higher than
the one usually observed for low carbon steels (about 400 MPa  for
a strain of 0.1, as indicated by Kijima (2013)), and was  adopted in
order to decrease the strain heterogeneities, which, for materials
with ﬁnal stress levels of 400 MPa  will be more pronounced than for
the present simulations. This is due to the fact that the initial post-
peak softening of the material causes a strain concentration where
this strain was triggered, where further localized deformation will
proceed till the work hardening of the material and decreases in
the applied stresses induce the transfer of deformation to another
region. High work hardening rates after the initial decrease in ﬂow
stress (leading to high stresses such as 700 MPa) thus make more
difﬁcult the strain concentrations. Simulations were also run with
the following initial stress peak values: 350, 500 and 600 MPa. The
material was  considered as rigid-plastic, strain rate insensitive and
displaying isotropic softening and hardening. The consideration of
a strain rate sensitivity and a parabolic work hardening did not alter
signiﬁcantly the simulation results, leading however to longer com-
putational times. It is recognized that the choice of the initial stress
strain behavior of the material cannot be, at present, experimen-
tally justiﬁed, but all existing evidence point to a behavior similar
to the adopted one, for steels subject to strain aging associated with
dislocation locking by interstitial atoms (C and N). The development
of experimental techniques allowing the accurate measurement of
the initial stress–strain behavior of aged steels would be of great
interest.
2.2. Finite element analyses
Simulations were performed using the implicit DEFORM–2D
software, version 10.0 (Scientiﬁc Forming Technologies Corpora-
tion, Columbus, OH). Due to the symmetry in the rolling process,
only half of the sheet thickness was  considered, as displayed in
Fig. 7.
According to Kijima (2013), the FEA of the skin-pass for mate-
rials not displaying YPs before the skin pass can employ rigid rolls
with a diameter increased by the roll ﬂattening. Considering this
also valid for materials displaying YPs, the evaluation of the effect
of the roll diameter was performed for rigid rolls with diameters
of 150, 500, 750, 1000, 1500 and 3000 mm,  rotating at an angular
speed such that the peripheral velocity in all cases was  similar to
that for the 150 mm rolls rotating at 6.24 rd/s, and the reduction in
thickness was  taken as 1% (typical of many practical situations). In
most cases the sheet was  1.0 mm thick and 40 mm long; the reduc-
tions in thickness were of 0.5, 1.0, 2.0, 3.0, 3.5, and 4.0% of the initial
thickness, and the rolls had a diameter of 150 mm,  leading to much
shorter computational time in relation to the simulations for larger
rolls. A simulation is also presented for an initial thickness of the
material of 19.05 mm  and a rigid roll with a diameter of 254 mm,
in order to compare the results with those in Fig. 1. All results are
reported replicating the simulations in relation to the horizontal
symmetry axis, so that the full thickness of the material is viewed.
A shear friction factor (m)  between the material and the rolls
was taken as 0.12 for most simulations (Dieter, 1976). Simulations
were also performed for m = 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0, as well as
for Coulomb friction coefﬁcients  = 0.1, 0.2, 0.3, 0.5 and 0.6. This
last value ( = 0.6) already corresponds to the sticking between the
material and the cylinder, considering the von Mises yield crite-
rion. The mesh had 5300 elements/mm2 in the longitudinal section
of the sheet and the time step was  5 × 10–6 s long. The simula-
tion results were sensitive to the number of elements, as found
by Yoshida et al. (2008); for 784 elements/mm2 in the longitudi-
nal section of the sheet, no LBs were observed for sheet thickness
reduction of 2.5% or more in the skin pass. For the higher density
mesh utilized (5300 elements/mm2), this did not occur even for
a reduction in thickness of 4%. Hundy (1955) mentions that for a



























dFig. 7. Schematic illustration of the 
hickness reduction of about 3%, no strain heterogeneities could
e observed on the sheet plane after the skin-pass of the material;
ince his visual techniques probably could not detect strain het-
rogeneities at this level of thickness reduction, it was considered
hat the mesh density of 5300 elements/mm2 is adequate for the
resent FEAs. For this mesh density, the consideration of an elastic-
lastic behavior (EP) of the material demanded step-times much
ower than those mentioned above and led to extremely long and
npractical computational times for the simulations, especially for
igh initial stress peak values and large roll diameters. The obtained
train heterogeneities and LBs distributions for an EP material were
imilar to those obtained for a rigid-plastic (RP) material, but the
ormer led to a somewhat more heterogeneous strain distribution
nd lower strains close to the sheet surface than the latter. From a
ualitative point of view, regarding the strain heterogeneities and
he distribution of LBs in the sheet, simulations with a RP mate-
ial led to conclusions similar to those based on simulations with
P material, but with much shorter computational times. It is thus
onsidered that for the current available computational resources
nd the level of analysis presently discussed, a RP plastic simulation
eads to technically reasonable results and feasible computational
imes, provided a sufﬁciently ﬁne mesh is utilized. A discussion
overing a comparison between the simulations with EP and RP
aterial is covered in the Appendix of the present paper.
ig. 8. Effective strain distribution in the sheet thickness after the skin-pass rolling; sh
iameters 150, 500, 750, 1000, 1500 and 3000 mm. process in the FEA of the skin pass.
The effective strain distribution in the material was  analyzed
semi-quantitatively through color shades in the longitudinal sec-
tion of the rolled sheets, and quantitatively through graphs for
the effective strain along a rolled sheet length of 1.4 mm,  taken
after the sheet had already reached a steady state rolling condition.
Such data were collected along the sheet surface and its centerline.
The distance of 1.4 mm was sufﬁcient to cover about four effective
strain cycles (four successive LBs); the origin of this distance was
always taken as a point where a minimum of effective strain at the
centerline of the rolled sheet was  observed.
3. Results and discussion
3.1. The effect of the roll diameter and the similarity of the FEA
results with the experimental ones
Fig. 8 displays the results of the FEAs for the roll diameters of 150,
500, 750 1000, 1500 and 3000 mm (covering the wide range of skin-
pass rolling in laboratories and industries) and shear friction factor
m = 0.12. The ﬁgure also includes values of the parameter L/H for the
various situations, where L is the length of the roll/material contact
and H is the thickness of the material; this parameter is widely
used in plasticity analyses for the characterization of the geomet-
ric characteristics of forming processes. The strain heterogeneity is
eet thickness 1.0 mm,  thickness reduction 1%, shear friction factor 0.12 and roll












































Fig. 10. Effective strain distribution in the sheet thickness after the skin-pass rolling;
sheet thickness 1.0 mm,  thickness reduction 1.0%, roll diameter 150 mm and various
shear friction factors (m).ig. 9. Effective strain distribution in the sheet thickness after the skin-pass rolling;
heet thickness 19.05 mm,  thickness reduction 0.9%, shear friction factor m = 0.12
nd  roll diameter 254 mm.
ualitatively similar for all cases, except for the LBs spacing, which
ises from ≈0.27 mm along the sheet centerline, for the 150 mm
oll diameter, to ≈0.38 mm for the other roll diameters, in a trend
imilar to that reported by Lake (1985). It is difﬁcult to compare the
resent spacing values, which were visually measured between the
enters of successive LBs, and those reported by Lake (1985), who
mployed a different measurement criterion, as already discussed.
t is thus considered that the present results are within the uncer-
ainties involved in the existing data, and one concludes that except
or the LBs spacing, the rigid roll diameter has a limited inﬂuence
n the LBs distribution in the skin pass for m = 0.12, which corre-
ponds to a relatively well-lubricated condition in the skin-pass
olling. Under such friction conditions, the initial and the elasti-
ally ﬂattened roll diameters do not lead to appreciable differences
n the predicted LBs distribution. From the point of view of com-
uting time, the use of the 150 mm roll diameter led to much faster
alculations, without any major loss of information with regard to
he other larger roll diameters.
Fig. 9 shows the distribution of the effective strain in the sheet
hickness after the skin-pass rolling for a situation similar to that in
ig. 1, indicating a good relationship between the LBs distribution in
oth ﬁgures. The band curvatures and “Y” shaped bands emanating
rom the sheet surfaces are similar in the two situations, but the
easured band spacing is somewhat different (≈2.50 mm for the
xperimental values and ≈3.30 mm for the simulations). It should
e noted that the FEAs in Fig. 8 show a recurring presence of the
Y” shaped bands emanating from the sheet surfaces, which seems
o be a feature of the LBs formation in the skin pass, for the present
EAs. A complex set of LBs is observed in Fig. 9, with main LBs similar
o those in Fig. 1, but also other LBs intersecting the main ones,
hich can also be observed upon a closer examination of Fig. 1.
Finally, an FEA was performed for a thin sheet (0.2 mm thick,
50 mm diameter roll), which led to a strain distribution similar to
hose in Fig. 8, but with a band spacing of 0.10–0.12 mm,  matching
n extrapolation down to the 0.2 mm  thickness of Lake’s results
or varying sheet thickness. It is concluded that the present FEAs,
erformed with a shear friction factor m = 0.12, describe well the
xisting experimental results for the strain heterogeneities in the
kin pass of steel sheets.
.2. The effect of the friction between the roll and the materialFigs. 10 and 11 display the distribution of LBs along the longitu-
inal direction of the rolled sheets for various values of the shear
riction factor (m) and Coulomb friction coefﬁcient (), respectivelyFig. 11. Effective strain distribution in the sheet thickness after the skin-pass rolling;
sheet thickness 1.0 mm,  thickness reduction 1.0%, roll diameter 150 mm and various
Coulomb friction coefﬁcients ().
and a rigid roll diameter of 150 mm,  which corresponds to a typ-
ical skin-pass rolling condition in laboratories. It can be observed
that the friction conditions in the interface between the material
and the rolls have little inﬂuence on the LBs distribution, in accor-
dance with Lake’s (1985) ﬁndings for lubricated and unlubricated
skin-pass rolling. FEAs simulations of the effective strain evolution
on the sheet surface along the rolling gap for the various friction
conditions indicate that most of the deformation occurs almost
immediately at the rolling gap entry; afterwards, a region where
very little or no strain increment is observed (possibly associated
with sticking between the roll and the material) followed by a
smaller region with an increasing strain rising to its ﬁnal value.
This corresponds to a situation where the friction conditions have
little inﬂuence on the LBs distribution, since these are established
basically at the roll gap entrance, as will be demonstrated in the
next section.
3.3. The effect of changes in the effective stress–effective strain
curve
Fig. 12 displays the distribution of effective strain in the rolled
sheets for a ﬁnal stress of 400 and 700 MPa  at a strain of 0.1 and ini-
tial peak of 600 MPa. The results were similar for both stress values,
in terms of the Lüders bands distribution in the sheet. As expected,
strains in the deformed regions were lower for the simulations with
700 MPa  than for the simulations with 400 MPa, as indicated by the
lighter colors in the 700 MPa  results, in relation to the 400 MPa  one.Fig. 13 displays the distribution of effective strain in the
rolled sheets for initial stress peaks in the adopted effective
stress–effective strain curves of 350, 500 and 600 MPa  and a
stress of 700 MPa  at a strain of 0.1. The distribution of LBs is
A.M. Giarola et al. / Journal of Materials Proce
Fig. 12. Effective strain distribution in the sheet thickness after the skin-pass rolling;
sheet thickness 1.0 mm,  thickness reduction 1.0%, shear friction factor m = 0.12, roll
diameter 150 mm,  initial stress peak of 600 MPa  and ﬁnal stress of 400 MPa and
700 MPa for a strain of 0.1 in the adopted effective stress–effective strain curves.














In order to analyze in greater detail the nucleation of the LBs,
F
1heet thickness 1.0 mm,  thickness reduction 1.0%, shear friction factor m = 0.12,
oll diameter 150 mm and various initial stress peaks in the adopted effective
tress–effective strain curves.
ualitatively similar for the three situations, but displaying more
iffuse, lower strains and a decreasing band spacing as the stress
eak is lowered. The “Y” pattern close to the surface of the sheets
or the 600 MPa  stress peak, for example, cannot be observed any-
ore for the 350 MPa  stress peak. It is interesting to observe that
oshida’s results follow the same trend as the present ones: for a
80 MPa  stress peak (Fig. 5, Material B) a low strain heterogeneity
s observed, probably also due to a lower mesh density employed
y Yoshida, whose aim was just to demonstrate the presence of LBs
n the material.
ig. 14. Effective strain and effective strain rate distributions in the sheet thickness dur
.0%,  shear friction factor m = 0.12, and roll diameter 150 mm.ssing Technology 216 (2015) 234–247 241
3.4. The nucleation of the LBs in the skin pass
Fig. 14 shows successive steps in a FEA simulation for the events
connected to the nucleation of LBs in the skin-pass. The dashed
vertical lines in Fig. 14 correspond to the position, in each step, of
the initial contact point in Fig. 14a.
Fig. 14a displays the moment where there is still appreciable
straining in the last LB in the sheet, involving a high strain rate
in this band. A new band has already nucleated in Fig. 14b (still
not seen in the effective strain diagram, but already detected in
the strain rate diagram), propagating toward the sheet centerline,
as predicted by Butler and Wilson (1963). Due to the short time
elapsed between Fig. 14a and b, still no appreciable strain can be
observed. The situation is similar in Fig. 14c, but the straining has
stopped for the band already nucleated (strain rate of zero) and
predominates for the new band, which ﬁnally can be seen in the
effective strain diagram in Fig. 14d. It is interesting to notice that
two new bands are also emanating outwardly from the sheet cen-
terline, in Figs. 14c and d; this can be seen initially only in the strain
rate diagrams, as usual.
In Fig. 14d the new deformation bands emanating from the sheet
centerline start growing backwards (see the strain rate diagram),
toward the initial band, in a process completed in Fig. 14e, where
one can already see the indications of this phenomenon in the strain
diagram. Fig. 14f shows the nucleation of a new band at approxi-
mately the same region as the previous one, whose strain rate starts
decreasing. The new band joins the previous band, establishing the
already mentioned “Y” pattern for the LBs. In Fig. 14g, the strain
rate has fallen to zero in the previous band, and predominates only
in the newly nucleated band, and the “Y” pattern can already be
seen in the strain diagram. The process is started all over again for
a new set of “Y” shaped bands in Fig. 14h, which is quite similar to
Fig. 14a.Fig. 15a exhibits an expanded view of the strain rate distribution
during the early stages of a LB; the strain rate in the vicinity of
the region of the ﬁrst contact with the roll is higher than along the
ing the nucleation of the LBs, rolling; sheet thickness 1.0 mm,  thickness reduction



















dig. 15. Effective strain rate distribution in the sheet thickness during the nuclea
eduction 1.0% and roll diameter 150 mm.
and and some straining occurs in the surface region of the material
efore the actual contact with the roll.
Fig. 15b illustrates the fact that a new LB is also nucleated in
he same high strain rate region (forming the “Y” pattern) after the
ormation of the immediately previous band, and then emanates
oward the center of the sheet. The repeated nucleation of bands
t the sheet surface, at the initial roll/material contact region justi-
es the relatively limited inﬂuence of the roll diameter and of the
riction conditions between the rolls and the material on the LBs
istribution in the sheet.
It is considered that the stress concentration at the roll gap
ntrance is of special importance for the LBs nucleation. This can
e appreciated in Yoshida et al. (2008) FEAs results for corrugated
olls, where each corrugation imposes a stress concentration on the
heet and leads to the nucleation of an LB. It is thus believed that
ijima’s (2014) analysis of the transfer of the cylinder topography
o the sheet would also probably display the triggering of LBs for
ig. 16. Distribution of effective strain in the longitudinal section of the sheet after the sk
iameter 150 mm,  friction shear factor m = 0.12 and sheet thickness 1.0 mm.f the LBs, rolling; sheet thickness 1.0 mm,  shear friction factor m = 0.12, thickness
each of the adopted hemispherical corrugations on the roll surface,
if the adopted stress–strain curve for the material displayed an ini-
tial stress peak, similarly to the situation predicted by Yoshida et al.
(2008).
3.5. Effect of increasing thickness reductions
Fig. 16 shows through color shade displays the effective strain
distribution in the longitudinal section of the sheets after the skin-
pass for thickness reductions of 0.5, 1.0, 2.0, 3.0, 3.5 and 4.0%, initial
thickness of 1.0 mm,  shear friction factor m = 0.12, and roll diam-
eter 150 mm.  Fig. 17 allows a more quantitative evaluation of the
variation of strain along the surface and the centerline of the rolled
sheets, for the same conditions shown in Fig. 16.
Lake (1985) showed that the critical strain in the skin-pass lead-
ing to a smooth stress-strain curve of the material in tensile testing
after the skin-pass, for materials 0.8–1.2 mm thick, ranges from
in pass, for a reduction of 0.5, 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0% in sheet thickness, roll














iig. 17. Variation in the effective strain along the rolled sheet, for reductions of thi
uarter  thickness and centerline, sheet thickness 1.0 mm,  friction shear factor m = 0
1.3% to ≈2.0%. The lower thickness reductions correspond to grain
izes ≈0.015 mm and the highest to grain sizes ≈0.007 mm.  It is
nteresting to remark the agreement of these ﬁndings with those
n the FEAs by Yoshida et al. (2008), who obtained values for such
 critical thickness reduction ranging from ≈1% to ≈2%.
The examination of the LBs distribution for thickness reductions
f 1% and 2% in Fig. 16 conﬁrms the presence of a highly hetero-
eneous strain distribution of strain in the material, as indicated
y Hundy (1955), Butler and Wilson (1963) and Lake (1985). The
urves in Fig. 17 indicate that even for low reductions in the skin-
ass (0.5% in Fig. 15a) the surface of the sheets is fully deformed,
ith strains rising from ≈0.05 to ≈0.10 as thickness reductions
ncrease from 0.5% to 4.0%. The results in the FEAs by Yoshida et al. of (a) 0.5%, (b) 1.0%, (c) 2.0%, (d) 3.0%, (e) 3.5%, and (f) 4.0% at the material surface,
ll diameter 150 mm.
(2008) displayed in Fig. 5 (Material A), display light gray regions
indicating the presence of very low strains along the sheet surface,
especially for the low thickness reductions. This differs from the
present results, probably because Yoshida’s simulations involved
an EP material behavior.
According to Kijima (2013), a Coulomb coefﬁcient of friction
 = 0.3 should be adopted for a high friction industrial situation.
Simulations similar to those whose results are reported in Fig. 16
were performed for a large diameter roll (D = 3000 mm)  and  = 0.3,
in order to evaluate situations involving large ﬂattened roll diame-
ters/high frictions. The corresponding results can be seen in Fig. 18,
where it should be pointed that the effective strain scale is different
from that in Fig. 16.
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rig. 18. Distribution of effective strain in the longitudinal section of the sheet after
iameter 3000 mm,  Coulomb friction coefﬁcient 0.30 and sheet thickness 1.0 mm.
The comparison of the results in Figs. 16 and 18 indicates that
he distribution of deformation in the sheet for low thickness reduc-
ions (0.5% and 1%) is similar for the two extreme rolling situations
low friction and roll diameter in Fig. 16, high friction and roll diam-
ter in Fig. 18), but the band spacing is higher for the latter. On
he other hand, for a reduction of thickness of 2%, the deforma-
ion closer to the surface of the sheet, the band thickness and their
pacing are different for the two situations being considered; a
arge roll diameter and high friction leads to a larger and deeper
train close to the sheet surfaces and to a larger band spacing. For
ven higher thickness reductions (3.0, 3.5 and 4.0%) the deforma-
ion along the sheet thickness is more homogeneous in the high roll
iameter/high friction situation than for small roll diameter/low
riction one. In the former, the presence of bands along the sheet
hickness is much less pronounced than in the latter.Materials not exhibiting initial stress peaks in their tensile test-
ng do not display LBs either in the tensile test or in the skin-pass
Yarita and Itoh, 2008; Kijima, 2013). Consequently, the regions
n the heterogeneously deformed material in Figs. 16–18, strained
ig. 19. Variation in area fraction on the longitudinal section of the rolled sheet, displaying
eductions in the skin-pass.in pass, for a reduction of 0.5, 1.0, 1.5, 2.0, 3.0, 3.5, and 4.0% in sheet thickness, roll
beyond the strain corresponding to the minimum in the stress in
the stress–strain curve shown in Fig. 6 (a strain of ≈0.02), would
not display Yield Point Elongations (YPEs) upon further tensile test-
ing, since their behavior would be identical to that of a material not
displaying an initial stress peak. This situation suggests that for a
minimum average strain in the material of ≈0.02, the YPE would
be eliminated in tensile testing of the sheet after the skin pass.
In addition, the deformation peaks along the sheet centerline in
Fig. 17 not only rise but also become broader as thickness reduc-
tions in the skin-pass are raised, increasing the volume fraction of
the deformed material. It is again suggested that the critical thick-
ness reduction in the skin pass corresponds to a minimum volume
fraction of material in the sheet deformed to a minimum strain cor-
responding to the minimum stress in the stress–strain curve (≈0.02
in the present case).The present FEAs allow the calculation of the average strain
in the rolled sheet as the thickness reduction in the skin-pass is
increased; the result is displayed in Fig. 19, for a small roll diam-
eter and low friction (Fig. 19a) and for a large diameter and high



































The RP results correspond to somewhat lower strain hetero-
geneities than for the EP ones. This means that the ﬁndings in
the present investigation actually involve small underestimates in
the strain heterogeneities, lending further credence to the validityA.M. Giarola et al. / Journal of Materials
riction (Fig. 19b). Fig. 19a indicates that a minimum average strain
n the material of ≈0.02 is obtained through a thickness reduction
f ≈1.3%, whereas Fig. 19b indicates a thickness reduction of ≈1.0%,
hich are similar to the lower value for the critical reduction rec-
mmended by Lake (1985). Fig. 19 also displays the area fraction of
aterial deformed by at least 0.02 in the longitudinal section of the
olled sheet, for increasing thickness reductions in the skin-pass.
nder the present 2D simulations, this area fraction corresponds
irectly to the volume fraction of the material deformed by at least
.02. For Fig. 19a, a thickness reduction of ≈1.3% leads to about
40% of the volume of the material deformed by at least 0.02; the
ame volume percentage is obtained for a thickness reduction of
.0% in Fig. 19b. It is thus suggested that the critical thickness reduc-
ion for the complete elimination of the YPE in the tensile testing
f material after the skin-pass should impose a minimum aver-
ge strain in the material similar to the strain for the minimum
tress after the initial stress peak in the stress–strain behavior of
he material, corresponding to a minimum of ≈40% of the volume of
he material deformed at least up to this strain. From the industrial
oint of view, a safety margin should be adopted for both the min-
mum average strain and the volume fraction deformed in order to
uarantee the complete elimination of the LBs problem.
. Conclusions
A FEA analysis of the skin pass rolling performed for materi-
ls displaying yield points before the skin-pass and a rigid-plastic
ehavior indicated that:
1) There are profuse Lüders Bands in the rolled material, with dis-
tributions and shapes along the rolling direction similar to those
experimentally observed both in laboratory experiments and in
industrial practice.
2) The distribution of Lüders Bands in the sheets submitted to the
skin-pass with a roll diameter of 150 mm is relatively indepen-
dent of the friction conditions between the material and the
rolls.
3) For low friction between the material and the roll, a limited
but certain inﬂuence of the roll diameter on the Lüders bands
distribution was found; a somewhat increased strain close to
the sheet surface was observed as the roll diameter is decreased.
4) For low sheet thickness reductions (0.5% and 1.0%) simulations
for the extreme situations: (a) low friction between the material
and the roll and roll diameter of 150 mm and (b) high friction
between the material and the roll and roll diameter of 3000 mm,
again a limited but certain inﬂuence of the roll diameter on the
Lüders bands distribution was found.
5) For sheet thickness reductions of 2.0% and higher, high friction
between the roll and the material and large ﬂattened roll diam-
eters lead to a distribution of LBs and of effective strain in the
sheets different from that obtained for small roll diameters and
low friction between the rolls and the material.
6) The Lüders bands nucleate intermittently and grow at the ini-
tial contact point between the rolls and the material at the roll
gap entrance, in accordance with the theory proposed by But-
ler and Wilson. It is suggested that this results from the stress
concentration in this region of the material.
7) The surface of the 1.0 mm thick material displayed high lev-
els of effective strain after the skin-pass even for the smallest
simulated reduction of thickness (0.5%); for low roll diame-
ters and friction between the material and the rolls, unstrained
regions can be observed even for thickness reductions of about
3.0–4.0%.
8) The thickness reduction in the skin pass necessary for the elim-
ination of Lüders bands problems upon further processing ofssing Technology 216 (2015) 234–247 245
the sheet is associated with a highly heterogeneous distribu-
tion of strain in the sheet, involving a relatively large fraction
of unstrained material.
(9) It is suggested that the critical thickness reduction for the
elimination of the Lüders Bands problems by the skin-pass
corresponds to a minimum average strain in the material
corresponding to the strain at the minimum stress in the
stress–strain in the material, after the initial stress peak; in
addition, it is suggested that a minimum of ≈40% of the material
volume should be deformed at least up to this strain. Under such
conditions, large roll diameters and high friction between the
material and the rolls would lead to a lower thickness reduction
necessary for the elimination of the LBs problem in the rolled
sheet.
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Appendix A. Comments on the elastic-plastic (EP) and rigid
plastic (RP) material simulations of the skin pass
Fig. A1 shows the results of a simulation of the skin-pass
with a 1% thickness reduction, material with a 350 MPa initial
stress peak, mesh with ≈20,000 elements (5300 elements/mm2),
Coulomb coefﬁcient of friction  = 0.3, rigid cylinder diameter
150 mm,  for elastic-plastic (EP) and rigid-plastic (RP) materials. It
can be seen that the LBs distribution is qualitatively similar in both
simulations, with the EP one displaying a lower band spacing than
the RP one. In addition, the deformation close to the sheet surface is
deeper and more homogeneous for the RP simulation than for the
EP one, where the presence of apparently undeformed regions is
suggested. The EP simulation also indicates the presence of the “Y”
shaped deformation regions close to the sheet surface, which can-
not be observed in the RP simulation. This difference between the
EP and RP simulations is associated with the fact that any strain in
the RP simulation is already plastic, which is not the case with the EP
simulation, where the elastic strains are recovered upon unloading.Fig. A1. Results of the simulation of the skin-pass with a 1% thickness reduc-
tion, material with a 350 MPa  initial stress peak, mesh with ≈20,000 elements
(5300 elements/mm2), Coulomb coefﬁcient of friction  = 0.3, rigid cylinder diame-
ter  150 mm.
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Fig. A2. Results of the simulation of the skin-pass with a 1% thickness reduction,











































Fig. A3. Results of the simulation of the skin-pass with a 1% thickness reduction,
material with a 450 MPa  initial stress peak, mesh with ≈1000 elements, Coulomb
coefﬁcient of friction  = 0.3, rigid cylinder diameter 500 mm,  EP and RP material.
Fig. A4. Results of the simulation of the skin-pass with a 1% thickness reduction,nd ≈4000 elements, Coulomb coefﬁcient of friction  = 0.3, rigid cylinder diameter
50 mm.
f the presence of strain heterogeneities in the present RP ﬁnite
lement analyses.
The consideration of the material as EP and the ﬁne mesh uti-
ized in the present investigation require a very small time-step
n order to reach convergence, demanding a long computational
ime. This time step must be further decreased as the peak stress is
aised, leading to longer computational times. As the roll diameter
s increased, longer sheets (and thus higher number of total steps)
ust be simulated in order to reach an adequate steady state to be
eported, leading to even longer computational times. For exam-
le, for a roll diameter of 150 mm and a stress peak of 350 MPa  in
ig. A1 above, the EP simulation time is about 100 h, in contrast
o about 15 h for the corresponding RP simulation. The increase in
he stress peak and the roll diameter lead to exponential increases
n the computational times, easily making it unpractical with the
resent computational resources available.
One way of shortening the computational times is to decrease
he mesh size, with a pronounced loss of details in the strain dis-
ribution. Fig. A2 shows results for simulations with EP and RP
aterial of the skin-pass with a 1% thickness reduction, material
ith a 350 MPa  initial stress peak, mesh with ≈1000, ≈2000 and
4000 elements, Coulomb coefﬁcient of friction  = 0.3, rigid cylin-
er diameter 150 mm.  There is a clear loss of details and decrease in
he strain heterogeneity of the sheet as the number of elements in
he mesh is decreased, when compared with the situation described
n Fig. A1, but computational times are down to reasonable times.
t can also again be observed that simulations with RP material
eads to a lower strain heterogeneity than the simulations with EP
aterial, but the overall pattern of LBs is similar for both situations.
According to Yoshida et al. (2008), the strain localization char-
cteristics are affected by the mesh size, and ﬁner meshes lead to
igher strain localizations. In addition, it is also stated that the aim
f their paper is not to discuss the details of numerical aspects of
imulation, but to demonstrate how it strongly depends on the
pper yield point phenomena. These authors give no detail con-
erning their mesh density or the time steps in their skin pass
imulations. Their results for an EP analysis and material with a
tress peak of 380 MPa  (Fig. 5, Material B in the main body of the
aper) almost do not indicate the presence of LBs, whereas for a
aterial with a stress peak of about 600 MPa, diffuse bands are indi-ated. The results in Fig. A2, for EP and RP simulations with ≈1000
lements also do not indicate the presence of LBs in the material,
ndicating that Yoshida et al. probably performed their simulationsmaterial with a 450 MPa  initial stress peak, mesh with ≈1000 elements, Coulomb
coefﬁcient of friction  = 0.3, rigid cylinder diameter 800 mm,  EP and RP material.
with similar meshes, that allow shorter computational times than
ﬁne meshes.
Figs. A3 and A4 present comparisons of the results of EP and RP
simulations employing a mesh of ≈1000 elements, a stress peak of
450 MPa  and cylinder diameters of 500 and 800 mm,  respectively.
The situation in these ﬁgures is similar to that shown in Fig. A1,
but obviously with far less details in the LBs and strain distribu-
tions, and point to the same conclusions already reached for the
ﬁne meshes (see paragraph immediately above Fig. A1 in the main
body of the paper). It is interesting to observe that the increase in
roll diameter from 500 mm  to 800 mm  leads to qualitatively similar
results especially for the simulations with EP material.
Even for the ≈1000 element mesh, it is estimated that the com-
putational time for a 150 mm roll diameter and a stress peak of
600 MPa  would be of around 45 days for the available computa-
tional resources; for a 3000 mm roll diameter it is estimated that it
would take 3–6 months, without any eventual intermediate adjust-
ments necessary for solving local convergence problems.
It is thus considered that for the current available computational
resources and the level of analysis presently discussed, a RP plas-
tic simulation leads to technically reasonable results and feasible
computational times, provided a sufﬁciently ﬁne mesh is utilized.
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